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Abetract

Symbiosis is altruistic cooperation betwesn distinct species. It is one of the most
eifective evolutionary processes, but its dynamies are not well understood as yet.
A simple model of symbicsis is introduced, where we consider interactions betwesn
hosts and parasiter and also mutations of hosts and parasites. [t is fouad that a
symbiotic state emerges for a suitable range of mutatioa rasss. The symbiotic stete
# not statie, but dynamically cscillstes. Harmful parssites violsting symbiceis
sppear periddically, but are rapidly extinguished by hosts and other parasites,
and the symbiotic state is recovered. '[N emergence of “Tit for Tat” sirategy to
maintain symbicsis is diecuseed.
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attractor of the symbiotic state is not a fixed point but a limit cycle.

2 Model

We assume that each species of host and parasite is represented by a simple binary
sequence of length L. Thus hosts and parasites can have 2L different genotypes. The
population of individuals of each genotypae j is chosen to take a contiuuous value, and is
denoted by h; and p; corresponding to a host type j and a prrasite type j, respectively.
The dynamics are as follows:

(1) Mutation of hosts and parasites: Hosts as well as parasites can mutate to other
genotypes by only 1 bit. Hoets cannot become parasites or vice versa, that is, they
wmutate only among themselves. Since we restrict the gene space in a bit siring of length
L, each genotype has L neighbors reached by & 1-bit mutation. Suck mutation allows
hosts to escape from harmful parasites, whereas parasites follow the host by mutation.

(2) Interaction of hosts and parasites: For most parasites, hosts are uni-directionally
exploited by parasites. The more advantage s parasite bears through the interaction
with a host, the less advantage ( or the more damage) the host bears by the interaction.
If both a parasite and a hast happea to take advantage of each other, such a pair of
parasites and hosts is sald to be in a symbictic relatica.

(3) Interaction among parssites: A competition is included among parasites but not
among hosts. We assume that different types supprses sach other, but the suppression
by the same genotype is not included. No mutual oz yiif suppression is assumed for
the host system. The host can only increase or decreasa ity number by interacting with
parasites.

From the assumptions (1)-(3), we cas write down the following set of equations on
the population of i-th species of hosts A;(t) and that of parasites py(t):
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where the summatioa over §' runs over all 1-bit neighbors of the binecy sequence 5.

By setting a bit leagth L equal to 7, we represeat each genotyps as 0 = 0000000, 1 =
0000001,2 = 0000010,3 = 0000011, -::,127 = 1111111. In the system of equations
abave, the bit information iy embedded ia the terms of igteraction and mutation. With
respect to the coastraiat (2), the interaction terms af; and of} must have the folowing
properties.

(i) We call the pair of indices &, a aymbiotic pair if both of, aad off, are positive.
The interactions are always feseded initially with at least symbiotic pair.

(i) If a host and a parasite do not form a symblotic pair, then the parasite gets an
additional positive gain by the interaction whereas the host is subjected to the same but
negative additional interaction. This difference of the sign in the additional interaction
term sets apart & parasite from a host.

We adopt the simplest form with these cunstraints as follows:

Wi 3



hoits and parasites increase, till the state becomes unstable and dissolves. Through
the spread In gene space, parasites reach the most harmful species to the host type 85.
Thus the parasite with the genotype 42(= 127-85) appears. ( Note that 85=1010101
and 42=0101010). Since the parasite can exploit the host most strongly, its number
increases. In order to recover the original symbiotic state, this harmful parasite must
be eliminated. In the present case this elimination occurs through the decrease of host
type 85 by mutation and the suppression of parasite type 42 from other paraaite types.
A symbiotic pair of host and parasite drives down the parasite type 42, and a symbiotic
state of type 86 has again been established.

In our present model, we bave not found a fixed symbiotic state. Afte; the system
returns to a symblotic atate, the state lasts for a while but it again is destroyed. The
present symbiotic state thus appesrs as a temporally periodic state. Two era repeat
periodically; long symbiotic era (180 time staps in Fig.1) where the population in<reases
slowly, and a shorter era (10 time steps in Fig.1) in which harmful parasite suddenly
increases, and then s eliminated accompanied by the decresse of populations of hoets.
It should be noted that the duration of the latter era is much shorter (less thaa 1/10)
than that of the symbiotic era.

Neither quasiperiodic nor chaotic, but only a periodic temporal change has been
observed.

The appearance of symbiosls is dependent on the initial distribution of hoste and
parasites in gene space. We have studied some typical initial distribations as follows:

a) One type of parasite versus a random or homogeneous distribution of host types.

b) One type of a host versus a raadom or homogeneous distribution of parasite
types.

¢) Both types are randomly distributed.

d) One type of parasite versus cne type of host.

Out of above conditions, we have not found a stable symbiotic state for the con-
ditions b) and ¢). Since various types of parasites already exist, hosts cannot escape
from them, and are axtinguished.

For suitable sets of parameters, a periodic symbiotic state is observed under the
conditions a) and d). Hosts mutate so that they can form a symbiotic pair with the
initially given type of parasite. Symbiosis lasts for a long time ( say 200 time steps)
and disintegrates, but it recovers through the punisament of harmful parasites, as has
been discussed in the above. Even if the initial Hamming distance between hosts and
parasites io large (say the types 83 and 42), the symbiotic pair is developed If the
mutation rse of hosts is moderataly large.

Next, le¢ us discuss the condition of emergmce of the symblotic behavior in our
model. By varying parameters in our model, we have found that the above dynamical
symbiotic state exists only In a emall parameter regime. The following conditions are
found to be necessary for successful symbiosls:

1) A mutation rate of hosts () should be larger than that of parssites (up). Too
large mutation rate of hosts, however, brings the extinction again.



misses an essential quality of evolution. To study the evolutionary process, we need a
model with a landscape which changes temporarily, depending upon the population of
all species. The present model gives a simple example of this class of dynamics.

2) Our symbiosis appears only as a dynamical state. This class of symblosis Is
predicted by L. Margulis (1] as “loces symbiosis”. Symbiosis can be formed but it may
dissalve again. It is a function of time. There are several reasons for the dissolution
of a symbiotic relationship, as Margulls has pointed out. She also argues that the
growth rates of partners should be approximately equal in order to keep a symbiotic
relationshlip [1].

In the present model, the approximately same positive values for a” and aF lead to
an approximately equal growth rates for hosts and parasites. A dissolution of the sym-
biotic state of the present model is caused by the unbalance of thess order parametaers.

3) The importance of host-parasite interaction for the development of polymorphism
has often boen stressed (ses e.g., (7]). Let us consider a collectioa of ensembles of hosts
and put parasites on each ensembls. Hosts ia each ensemble may evolve to different
genotypes ( ¢.g. s different symbiotic pair). Thus palymoephism of hosts ls induced
by the interaction with parasites. If there exists a competition among different Losts
types, this picture may not be justifiable.

4) Other choices of interactions: Modification of parasite-parasite interaction or the
inclusion of dost-host iateraction may be importaat. We have also studied a model in
which parasites suppress themselves. It seams that the Inclusion of this self-suppression
term destroys the symblotic state. Other choices of host-parasite interaction terms may
be worth considering.

5) In our model we have assumed thas all parasites and all hosts interact with each
other. This assumptios may be artificial. It may be better to use a :nodel with the
interaction onl’ among restricted sets of bosts and parasites. A simple example is &
model on a lattice ( see also (5]). It is expected that this kind of restricted interaction
enhances the stability of symbilotic state, since the host which promotes a symbictic
relation with some parssite is o more exploited from other harmful parasites. In our
long ranged coupling modal, kowever, such symbiotic hosts may be exploited by other
parasites.

6) Use of sax [8]: As stressed by Hamiiton and others, recombination can be more
effective tha | mare mutation. One of the reasca for this is that mere mutation cannot
memorise the effective genetic sequences against the past parasites, but recombination
does. Recombinatioa is thought to be especially useful to protect from the ttack of
parasites, since it makes a large unccrrelated jump.

In our problem, recombinatioa is useful for hosts for the same reason, to escape
from the attack of parasites. Recombinstios, howsver, may in fact hinder the sym-
biotic reletionship, slnce recombination may lnstaatly creats non-symbiotic hosts and
parasitas. If the distribution of genotypes ls aimost completely concentrated on the
symblotic pair, recombination almost always ¢reates the symbiotic pair, since recombi-
nation just mixes existing genotypes. Thus the above drawback may be removed. It is



Effective Mutual Interaction
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Fig.1: Temporal evalution of order parameters ¢ and oF. A symbiotic state occurs
whea both parameters have positive valucs. If the order parameter for hosts takes
& segative valus, it is out of the state. A symbiotic state disintegrates
periodically whea values of o and o” close together. The simulation Is excuted with

parameter vulues fp=0.08, fy=0.1, 4pw0.00]1 and uy=0.002.
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Fig.3: A disintegration of » symbietic state as time=d00 can be sesa.in the tem-
poral svalutioa of order paramaetars. Thdmlhlhlhmudﬂthpmmm
fp=0.1, fg=0.2, 4p=0.001 sad pg=0.002
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Fig.4: If the host cannot beat the most har-aful parasite, parasites presd out In
gene space. After this event, all hosts are extiagaished by parasites. This unsuccassful
case  'mulated with the same parametar values as Flig. 3.



